Fulfillment by the lungs of their bellows function depends largely on their resiliency and elasticity. Unless the lungs can readily comply with the changes in the thoracic cage during inspiration and expiration, ventilation will be seriously impaired. Pulmonary compliance is expressed as the ratio of lung volume in liters to intraesophageal pressure in centimeters of water. The present study is concerned with the role of pulmonary vascular engorgement in reducing compliance in normal subjects and in patients with mitral stenosis.
PULMONARY compliance has been found to be decreased in patients with congestive heart failure' and mitral stenosis. [2] [3] [4] This stiffening of the lungs increases the work of breathing and must make a contribution to the dyspnea that these patients experience at rest and on exertion. In some patients with mitral stenosis or congestive heart failure the lungs become even stiffer during exercise, but in uhers exercise produces little change.3' 4 The mechanisms responsible for reducing pulmonary compliance in these patients are not clear.
It is the purpose of this paper to report the results of a study designed to investigate the role of pulmonary vascular engorgement and increased pulmonary intravascular pressures in reducing pulmonary compliance in patients with abnormalities of the pulmonary circulation and in normal subjects. The results of this study indicate that pulmonary vascular engorgement can reduce compliance markedly in normal subjects and apparently can do so in some persons with mitral stenosis, but that other factors are also operative in the reduced compliance of mitral stenosis and presumably of congestive heart failure in general.
METHODS
Observations were made on 10 patients with abnormalities of the pulmonary circulation and on 3 normal volunteers. Seven of the patients had mitral
From the Department of Medicine, Duke University School of Medicine, Durham, N. C. This work was supported (in part) by a grant, H-1370 (C3), from the National Institutes of Health, U. S. Public Health Service, and (in part) from the American Heart Association. 721 stenosis without clinical evidence of mitral insufficiency or other valvular dysfunction. Most of these patients had had repeated bouts of congestive heart failure but none was in frank failure at the time of study. All were incapable of normal activity without considerable dyspnea. Subsequent to this study, each of these patients underwent mitral valvulotomy, which provided a direct confirmation of the existence of mitral stenosis without significant regurgitation. One patient (N. Wk.) had idiopathic pulmonary hypertension. She had had exertional dyspnea for approximately 12 years. She was studied on 2 occasions, a year apart, with essentially the same findings, including measurements of pulmonary artery pressure, pulmonary function tests, and roentgenograms of the chest. There was no evidence of parenchymatous lung disease on either occasion. On the first study, the arterial oxygen saturation fell during exercise from 96.6 to 93.4 per cent, but on the second occasion it remained at the resting level of 98 per cent. The remaining 2 patients, S. S. and D. C., had isolated pulmonic stenosis. S. S. was studied on 2 occasions, 5 months apart. She was asymptomatic except for mild exertional dyspnea. This patient died after valvulotomy, and the diagnosis was confirmed at autopsy. The last patient had typical findings of pulmonic stenosis including a right ventricular systolic pressure of 70 mm. Hg, but was asymptomatic. Conventional intracardiac catheterization was performed for measurement of pressures in the lesser circulation and collection of blood samples necessary for determining the cardiac output by the Fick principle.5 6 Exercise was conducted with the patient in the supine position and consisted of alternate flexion and extension of the legs at as constant a rate as possible. Exercise was continued for 3 to 4 minutes and blood and gas samples were collected during the last minute of this period. Although this exercise period was too short to permit the assumption that a steady state had been achieved, it was long enough to allow stabilization of the pulmonary artery pressure at a new level.
EFFECT OF CIRCULATORY CHANGES ON PULMONARY COMPLIANCE
Central venous pressure was measured by the method of Gauer, Sieker, and Henry.7 Intraesophageal pressure changes were followed by means of an esophageal balloon as described by Mead and Whittenberger.5 Pulmonary air flow was measured by a wire screen flowmeter, and the tidal volume was determined by graphic integration of the flow-time record. The inspired volume, at approximately 25 C., unsaturated, was used for the calculation of compliance. Pulmonary compliance is expressed as the ratio of lung volume change in liters to intraesophageal pressure change in centimeters of water. The values of lung compliance reported in this study represent the average of about 10 breaths in each instance. Compliance measurements were made only when the tidal volume was between 300 and 900 ml. Compliance measurements designated "post ex." were made immediately on cessation of exercise.
Compliance was not measured simultaneously with cardiac output and intravascular pressures, but all measurements on a given patient were made within 1 to 3 days, under what appeared to be comparable conditions.
All pressures were measured with Statham strain gages of appropriate sensitivity and recorded by an optical recording oscillograph. Lung volumes were determined by conventional methods with the subjects seated.9 Albumin infusions consisted of 75 Gm. of human serum albumin diluted to a volume of 1000 ml. with normal saline and given intravenously at a rate of approximately 100 ml. per minute. Compliance measurements were generally made while the infusion was nearly completed, but still proceeding.
RESULTS
The data from the patients with abnormalities of the pulmonary circulation are presented in table 1. All patients with mitral stenosis had considerably elevated pulmonary artery pressures at rest and substantial pressure increases during exercise. Where the measurement was made, wedge pressures were also found to be elevated at rest and increased by exercise. Except for some reduction in vital capacity, lung volumes were not remarkable. Three patients (J. H., M. S., and D. H.) had values of lung compliance during rest in the supine position that are within the limits found in normal subjects in this body position.'0 In the other patients with mitral stenosis the resting compliance in the supine position was abnormally low. The patients whose compliance was inside normal limits at rest showed a substantial fall in compliance after exercise; but there was little or no change after exercise in those patients with an abnormally low resting value. With comparable exercise, normal subjects show no significant decrease in compliance.
The patient with pulmonary arterial hypertension and no evidence of lung disease had a low resting compliance. On exercise, there was a rise in pulmonary artery pressure comparable to that of the patients with mitral stenosis. The compliance rose slightly after exercise, but the significance of this small change is doubtful.
The patients with pulmonic stenosis had resting supine values of compliance higher than usually found in normal subjects in this position. After exercise, the compliance was increased on 2 occasions and unchanged in the third.
Respiratory rates did not become unusually rapid during exercise in any of the patients. The maximum rate was 26 per minute. Table 2 presents the data obtained on normal subjects before and during albumin infusion. In the supine position, albumin infusion caused a considerable drop in compliance in all except 1 instance. In a separate study this subject showed the usual decrease. In 2 studies measurements were also made with the subjects in the right lateral and prone positions before and during albumin infusion. In both these positions albumin caused a large drop in compliance. The respiratory rate did not change significantly during albumin infusion.
In both normal subjects and patients with circulatory disorders, compliance tended to fall on changing from the seated to the supine position. In some cases, this change was large. In the prone and lateral recumbent positions compliance was about the same as in the sitting position. 
DISCUSSION
In normal subjects, a substantial intravenous infusion, given rapidly, will cause a rise in pulmonary intravascular pressures of about the same magnitude as the simultaneous rise in central venous pressure.' Presumably this is associated with an increase in the pulmonary blood volume. In the present subjects such an infusion caused a considerable decrease in pulmonary compliance. Pulmonary vascular engorgement has also been found to stiffen the lungs of experimental animals. '2 It appears from the present data that pulmonary engorgement can reduce compliance in man, but the mechanism by which this effect is produced is not clear.
In all the patients with mitral stenosis, exercise caused an increase in pulmonary vascular pressures and, it is assumed, in the degree of pulmonary vascular engorgement. Exercise also caused a decrease in compliance in those cases where the resting compliance was not already markedly reduced. Where the compliance was quite low at rest, exercise did not produce any further change. The variability in the response of compliance to exercise in patients with mitral stenosis has been noted by Saxton.4 These findings suggest that pulmonary vascular engorgement may play a part in stiffening the lungs of certain patients with mitral stenosis. However, in those cases where stiffening is most severe, it does not appear to vary to a significant extent with changes in vascular engorgement. In such cases it appears likely that the reduction in compliance may be caused largely by the pulmonary fibrosis that develops in individuals with severe, long-standing mitral stenosis. If further experience supports this view, the measurement of pulmonary compliance and its response to exercise may prove useful as a means of assessing the extent of secondary pulmonary changes in patients with mitral stenosis. In patients with congestive failure, it is probable that pulmonary edema will also contribute to the reduction in compliance.
The patient with pulmonary hypertension had no evidence of extravascular lung disease. The low compliance of this patient and the somewhat high compliance of the patients with pulmonic stenosis may depend upon abnormalities in the rigidity of the pulmonary arterial tree resulting from hypertension in the one case and hypotension in the other. Mack and associates" have commented upon the possible role of high intravascular pressures in stiffening the vessels of the lung. The rigidity of the pulmonary arterial tree probably depends upon the character of the vessel walls as well as the level of the intravascular pressure.
It is not altogether clear why compliance, as measured by the present method, is reduced in most subjects on assuming the supine position. This finding has been reported recently by Attinger and colleagues in a considerable number of normal subjects and patients with cardiopulmonary disease.'0' 1 If compliance were reduced in the supine position because of the smaller resting lung volume, it might be expected to be somewhat increased by taking deep breaths. This procedure would increase the mean lung volume during the measurement of compliance. However, in trials with 2 normal subjects who showed the usual fall in compliance on changing from the sitting to the supine position, the supine compliance was not altered by varying the tidal volume between 500 and 1500 ml. It does not appear likely that the reduction in compliance can be related entirely to an increase in intrapulmonary blood volume on lying down because the compliance increases markedly again on shifting to the lateral or prone positions. The low compliance in the supine position may be in part an artifact caused by pressure of the overlying mediastinum on the esophagus. If inspiration tended to lift some of this pressure from the esophagus, as well as to reduce intrapleural pressure in general, there would be an unduly great intraesophageal pressure change for a given tidal volume. Such an artifact would preclude comparing compliances in the supine position with those measured in other body positions, but should not preclude comparing compliances that were all measured in the same body position. It is evident from table 2 that pulmonary vascular engorgement will reduce compliance in the lateral and prone positions as well as in the supine position. SUMMARY Measurements were made of the pulmonary compliance of patients with mitral stenosis at rest and during exercise in the supine position. Exercise caused a substantial increase in pulmonary vascular pressures in these patients and a considerable reduction of compliance, except in those cases where compliance was already low at rest. Where the resting compliance was low, it was substantially unchanged by exercise. In normal subjects, rapid infusions of 1000 ml. of human serum albumin solution in saline produced a considerable reduction in compliance. It is concluded that pulmonary vascular engorgement can reduce compliance markedly in normal subjects and can apparently do so in some persons with mitral stenosis, but that other factors are also operative in the compliance reduction of mitral stenosis.
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